During the Cretaceous greenhouse, episodes of widespread ocean deoxygenation were 2 associated with globally occurring events of black shale deposition. Possibly the most 3 pronounced of these oceanic anoxic events (OAE's) was the Cenomanian-Turonian OAE2 4 (~94 Ma). However, although certain redox sensitive trace metals tend to be preferentially 5 sequestered in sediments deposited under anoxic conditions, with Mo drawdown being 6 specifically prone to euxinic settings, these elements are generally somewhat depleted in 7 sediments deposited during OAE2. To understand the driving factors responsible for this 8 depleted trace metal drawdown, we have studied a low latitude section from the proto-North 9
Introduction 24
The Cretaceous was a time of high global temperatures as a consequence of elevated 25 atmospheric CO2 1 . A series of major black shale deposition events during intervals of ocean 26 deoxygenation (termed oceanic anoxic events; OAEs) were associated with these extreme 27 greenhouse conditions 2 . These fluctuations in Cretaceous seawater redox conditions 28 coincided with massive perturbations to the carbon and nutrient cycles within and between 29 the main global reservoirs 1 . During the Cenomanian-Turonian (Bonarelli) event (OAE2) at 30 ~95 Ma, a worldwide positive carbon isotope excursion documents the globally enhanced 31 burial of marine organic carbon under anoxic conditions 2 , likely driven by a global-scale 32 increase in primary productivity [3] [4] [5] . 33
Anoxic conditions favoured the widespread deposition of organic-rich black shales 34 during and intermittently prior to OAE2, in the proto-North Atlantic and western Tethys 35
Ocean 6-9 and in other regions 10 . Several studies have argued that sluggish circulation within 36 the proto-North Atlantic and restricted deep-water exchange with other ocean basins 1,7 was 37 responsible for black shale deposition 11, 12 . However, other studies have postulated that 38 sufficient ocean circulation existed to allow rigorous water exchange with the surrounding 39 ocean basins 13 . 40
Under anoxic conditions, many redox sensitive trace metals are preferentially 41 deposited 14, 15 , with Mo drawdown being specifically prone to euxinic (free H2S) settings 16 . 42
However, during the onset of OAE2 a severe depletion of sedimentary Mo, V, Zn, Cr, Ni and U 43 (relative to total organic carbon; TOC) has been reported for the North Atlantic 8, 9 . This 44 observation has been explained by a reduction in the marine trace element inventory due to 45 the enhanced drawdown of redox sensitive elements through expansion of euxinic waters 9 . 46
However, low Mo/TOC ratios in euxinic sediments have also been suggested to be typical of 47 silled marine basins, where resupply of Mo via deep water renewal was limited, resulting in 48 lower oceanic Mo concentrations and hence less uptake of Mo per unit of organic matter 49 compared to fully connected ocean basins 17, 18 . This raises the question as to whether 50 drawdown of Mo during OAE2 occurred on a local, regional or global scale, with 51 consequences for identifying the global extent and severity of ocean anoxia during a period of 52 massive, global carbon-climate perturbation. 53
Mo isotopes have emerged as a powerful tool for evaluating the global extent of ocean 54 euxinia and the size of the oceanic Mo repository [19] [20] [21] [22] . The relative extent of oxic and anoxic 55 sinks defines the amount and isotopic composition of Mo remaining in seawater (see 56 supplementary information). The ability of Mo isotopes to capture the seawater signal is, 57 however, limited to highly sulfidic environments, whereas under both oxic conditions and 58 anoxic conditions where H2S is absent or concentrations are low, a wide range of Mo isotope 59 signatures may be encountered (Fig. 1) . 60
This study focuses on a low latitude W-African shelf setting of the proto-North Atlantic 61
Ocean (Tarfaya Basin). We present high resolution (~0.3 ka scale) Mo isotope data that cover 62 the initial onset and first part of the maximum perturbation of OAE2, as defined by the 63 positive carbon isotope excursion 8, 23 . To determine the fidelity of sedimentary Mo isotopes to 64
reflect seawater values, we critically appraise the Mo isotope composition of marine 65 sediments with new and existing data that document local redox conditions 66 organic carbon contents, biomarkers and trace elements). Indeed, while the sediments were 67 predominantly deposited under sulfidic conditions 8, 24 , regular cyclic (orbital timescale) 68 transitions to anoxic, Fe-rich (ferruginous) water column conditions were also a prominent 69 feature 25 . By combining hydrographic and geochemical aspects, our Mo isotope data provide 70 a new view on euxinic water mass expansion and extensive Mo drawdown during OAE2. 71 72
The Late-Cretaceous Tarfaya shelf basin 73
The Tarfaya Basin is located on the northwestern margin of the Sahara Craton. During 74 the Late-Cretaceous, the basin was situated at a latitude of ~15° N in a marine shelf setting 75 open to the proto-North Atlantic Ocean (Fig. 2) 7, 8, 12, 24, 26 . The N-African palaeo-coast is 76
proposed to have been in the centre of an upwelling zone that covered large parts of the 77 subtropical African margin and was responsible for providing nutrient-rich water and 78 fostering the establishment of anoxia/euxinia 7, 8, 12, 24 . 79
Core samples were obtained from drill site S57 of the Tarfaya Basin, covering the core 80 interval between 50.04 to 54.35 m. Palaeowater depths at site S57 have been estimated as 81 ~250 to 300 m 8 . The section consists of pelagic organic-rich carbonates and marls, with 2 to 82 20 wt.% TOC and very little terrigenous input 8 . Turbidites are absent from the studied part of 83 the section. The last occurrence of Rotalipora cushmani (~93.9 Ma) was found at ~51.2 m 23 . 84
The studied section covers the upper δ 13 C phase A to lower phase B with a positive δ 13 C 85 excursion from -27 to -23‰ (Fig 3) 8 . Spectral analyses, based largely on cyclicity in organic 86 matter content, point to a dominance of obliquity forcing with a calculated average 87 sedimentation rate for the covered interval of ~6 cm/ka 27 . 88 89
Methods 90
For trace element and Mo isotope analyses, 50 to 100 mg of sample powder was 91 digested in a mixture of HF (Optima, Fisher Scientific), HNO3 (purified by sub-boiling 92 distillation in quartz stills) and HClO4 (Omnipure, Fisher Scientific). The total Mo blank for 93 this procedure was ~0.12 ng. Once dissolved, an aliquot of the sample solution was analysed 94 for trace elements with a Varian ICP-MS instrument (Natural History Museum London). The 95 remaining solution was spiked with a Mo double-spike (to a 1:1 sample/spike ratio) for 96 subsequent stable isotope analyses. The chromatographic purification of Mo is described in 97 Goldberg et al. (2013) 28 . All isotopic measurements were performed with a Nu Instruments 98 MC-ICP-MS (Department of Earth Science and Engineering, Imperial College London). For 99 further method specifications see Goldberg et al. (2013) 28 . The samples were initially 100 measured relative to the in-house ICL-Mo isotope standard and these results were 101 subsequently re-normalised to NIST SRM 3134 28 . Replicate analyses of several samples show 102 a typical reproducibility of better than ± 0.1‰ (2sd). The uncertainties (2sd) for the element 103 concentration measurements are better than ± 5% for Mo, Cr, U, Cd, Zn, and Re (at >0.1 ppb) 104 and better than ± 10% for Re contents of <0.05 ppb. The Fe-speciation and total organic 105 carbon contents (TOC) are from Poulton et al. (2015) 25 , organic carbon δ 13 C values are from 106 Tsikos et al. (2004) 23 , and additional trace metal data are from Kolonic et al. (2005) 8 . 107 108
Results and Discussion 109

Evaluation of local redox conditions 110
The sediments contain high but variable concentrations of TOC (Fig. 3) , from 2 to 111 20% 8, 25, 29 . Most of the TOC-rich sediment is laminated with no visible bioturbation, implying 112 anoxic deposition. Between 51.74 and 53.06 m, however, intermittent bioturbation is 113 evident, with greatest intensity between 51.89 and 52.00 m, spanning roughly 2 ka. This 114 provides evidence for short-lived intervals of dysoxic-oxic conditions, which allowed larger 115 benthic fauna to infiltrate the sediment. Notably, these oxic intervals are not recorded by 116 fluctuations in the relative proportions of carbonate and organic carbon, and are thus not 117 easily detected by bulk geochemical data (which integrates longer time periods). It is difficult 118 to estimate the actual duration of these oxygenated periods because even short-lived water 119 column oxygenation can result in bioturbation to several centimetres depth. 120
The Fe speciation proxy is based on the presence or absence of enrichments in 121 (bio)geochemically available Fe minerals, termed highly reactive Fe (FeHR). Ratios of highly 122 reactive Fe to total Fe (FeHR/FeT) that exceed 0.38 provide evidence for anoxic depositional 123 conditions 30 . Providing FeHR/FeT exceeds 0.38, the extent of pyritization of the highly 124 reactive Fe pool (FeP/FeHR >0.7 to 0.8) defines whether the bottom water was anoxic and 125 ferruginous (Fe-rich) or euxinic (containing H2S). Throughout our analysed section, Fe-126 speciation points to persistent anoxic bottom water conditions, with FeHR/FeT > 0.38 (Fig.  127 3) 25 . Short-lived oxic intervals are not resolved at our sampling resolution. According to the 128 most recent dating constraints 8, 27 , our analyses of Fe-speciation for 2 cm intervals of 129 sediment have an average resolution of ~0.3 ka. Nevertheless, the absence of bioturbated 130 intervals throughout most of the section suggests that such episodes were not common or, if 131 so, of very short duration. More detailed consideration of the extent of sulfidation of the 132 FeHR pool (FeP/FeHR) suggests that bottom waters at S57 in the Tarfaya Basin fluctuated 133 between ferruginous (FeP/FeHR <0.7) and euxinic ( Fig. 3) 25 , while the presence of 134 isorenieratane in euxinic intervals suggests that sulfide extended from bottom waters into 135 the lower photic zone 8, 25 . 136
The preferential deposition of redox sensitive trace elements (e.g. Mo, U, V, Re, Cr) to 137 the sediment under anoxic to euxinic conditions has led to their exploitation as local redox 138 indicators (see supplement). Throughout the studied section, enrichment factors (EF) for Mo 139 (EF = 11 to 415, average 89), V (EF = 3 to 59, average 12) and U (EF = 11 to 201, average 36) 140 suggest significant drawdown of these elements relative to "Post-Archean Average Shale" 141 ( Fig. 4 ; Table S1), consistent with deposition within an anoxic water column 31, 32 . However, 142 the enrichment factors do not vary systematically between periods of ferruginous and 143 sulfidic conditions, which in particular might be expected for sulfide-sensitive Mo (Figs. 3 and  144 4). Rather, the EF variation is primarily connected to the abundance of organic matter 17 , as 145 demonstrated by a correlation between Mo, U, V and TOC (Fig. 5) . However, Poulton et al. 146 (2015) 25 suggest that very short-lived episodes of water column euxinia occurred during the 147 ferruginous intervals (as suggested by periodically high Fepy/FeHR ratios and the low-level 148 presence of biomarkers indicative of photic zone euxinia), with dissolved sulfide being 149 persistently present in the sediment pore waters. Euxinic episodes within the dominantly 150 ferruginous intervals would provide an explanation for persistent Mo drawdown during 151 these intervals, although such enrichments could also have been a consequence of sulfidic 152 porewaters near-the sediment-water interface, allowing Mo diffusion and sequestration from 153 the overlying water column. 154
Rhenium and Cr are also enriched above the crustal background (Fig. 4, Table S1 ) 155 throughout the section, as a result of anoxic sequestration. In comparison to Mo, however, Re 156 is more efficiently deposited under dysoxic to anoxic, non-sulfidic conditions 14, 33 . This has led 157 to the use of Re/Mo ratios to constrain changes in the local redox environment 34 , specifically 158 to differentiate between sulfidic and low-oxygen, non-sulfidic conditions 14, 19, 20 globally prevalent prior to, rather than during, OAE2 4, 6, 8, 9 . Therefore, this Mo/TOC trend is 198 unlikely to be linked to more oxygenated bottom water conditions during OAE2. 199
At Demerara Rise off tropical South America, Hetzel et al. (2009) ODP site 1276 during OAE2 (Fig. 2) . The overall low Mo and U EFs at these sites point to an 206 unrestricted water body 22 . Alternating, hemipelagic euxinic OAE2 black claystones from 207 DSPD Site 603 (Fig. 2) in the northern part of the proto-North Atlantic also have Mo/TOC 208 ratios of 2 to 5×10 -4 (average 2.8) 6 . Circulation patterns and palaeogeographic conditions do 209 not imply isolation of Demerara Rise or the proto-North Atlantic 35 , nor do bulk geochemical 210 and molecular patterns 6,12 , suggesting that deep water Mo concentrations were low 211 throughout the Cenomanian/Touronian proto-North Atlantic. In the central proto-North 212 Atlantic (DSDP Site 368; Fig. 2 Outside the proto-North Atlantic, stratigraphically equivalent anoxic/euxinic OAE2 223 sections, the Calabiancia, Bottacione, Contessa and Furlo sections in the western Tethys (Fig.  224 2), show Mo/TOC averages of 2×10 -4 , 4×10 -4 , 3×10 -4 and 9×10 -4 , respectively (Table 1) 22, 32 . 225
The latter two were however, deposited in anoxic, non-euxinic conditions with possible 226 contribution of Mo from metal-oxyhydroxide particulate shuttling 22 . In the Angola Basin (Site 227 530, Fig. 2 ) average Mo/TOC ratios of anoxic shales are somewhat, but not significantly, 228 higher (Table 1) however, not in accord with this expectation (Fig. 4) . In fact, δ 98 Mo values do not reveal a 260 specific trend associated with the ferruginous-euxinic redox fluctuations. At the top and 261 bottom of the studied section, δ 98 Mo remains relatively stable throughout the euxinic and 262 ferruginous intervals, whereas positive and negative δ 98 Mo shifts occur within euxinic 263 intervals E2 and E3, and ferruginous interval F3 (Fig. 4) . 264
We observe three distinct δ 98 Mo clusters/trends throughout the studied section: should result in high Mo EFs coinciding with low U EFs 31 , which is not the case during E2 (Fig.  304   7) . 305
Locally weakly euxinic bottom water 306
In this interval (53.12 and 52.10 m), both Re/Mo and Cr/Mo show a consistent inverse 307 relationship with δ 98 Mo (Fig 4) . The combined evidence of high Re/Mo and Cr/Mo ratios and 308 relatively low Mo enrichment factors (Fig. 4) connected with a substantial negative fractionation during each sulfidation step 40, 48 . 313
Furthermore, the uptake of intermediate thiomolybdates is non-quantitative and thus results 314 in isotopic fractionations from global seawater of up to -2.9‰ (Fig. 1) 41 . 315
Non-ideal conditions for sufficient Mo-Fe-S formation 316
The Helz et al. (2011) 49 The higher and relatively constant δ 98 Mo in the upper and lower sections, with an 337 average value of 0.6 ± 0.1‰ and an intermittent increase to 1.1‰, coincide with low Re/Mo 338 and Cr/Mo ratios and the highest Mo enrichment factors, suggesting that dissolved sulfide 339 concentrations were at a maximum during these intervals (Fig. 4) . The low variability in 340 δ 98 Mo across ferruginous intervals is likely due to significant drawdown of Mo during short-341 lived episodes of euxinia, and/or due to highly euxinic porewaters, which were open to Mo 342 exchange with the water column 22, 25 . Thus, the upper and lower sections of Tarfaya site S57 343 may represent times of near-quantitative scavenging of Mo from the water column. 344
Nevertheless "non-ideal" conditions for Mo scavenging, as presented by Helz et al. (2011) 49 345 could be also operating during these intervals and thus the highest δ 98 Mo may represent the 346 closest estimate to the global seawater value. It is also yet to be proven whether a "global" 347 The total Mo flux to, or removal from, the ocean is the product of the areal extent (A) of each 371 sink (i) and the burial rate (R) into each sink: 372
The Mo outflux from seawater is subdivided into three sinks: an oxic sink (fox), an 374 intermediate sink, comprising reducing conditions with H2S build-up in sediment porewaters 375 and weakly euxinic environments (less than 11 µM H2S), termed fred, and a euxinic sink (feux) 376 with bottom water H2Saq >11 µM. The sum of all fractional fluxes makes up the total Mo sink: 377
The respective Mo isotope signatures (δox, δred and δeux) are tied into a Mo isotope mass 379 balance equation, where δ 98 Mo of the sum of the sources (δINPUT) are equal to the sinks: 380
Thus, oceanic δ 98 Mo is defined as : 382
To calculate the Cretaceous (K) Mo budget, a self-regulated direct feedback function is 384 applied, where the Mo burial rates vary in proportion to the Mo inventory (first-order 385 process): 386
We can describe the rate of change of the Mo inventory as: 388
In the burial forcing function the modern areal extent of each sink is scaled back to the 390
Cretaceous areal extent to receive the Cretaceous Mo response time: 391
Rivers are by far the biggest source of dissolved Mo to the ocean and account for at 393 least 90% of the influx 53 , with low-temperature hydrothermal inputs accounting for the 394 remainder 54, 55 . As the latter input is poorly constrained in magnitude and Mo isotope 395 composition, we disregard this source of Mo to the ocean. Recently, the riverine Mo flux to 396 the ocean has been reassessed as 2.96 x 10 7 kg a -1 34 , which is ~ 1.6 fold higher than 397 previously assumed. With a total seawater mass of 1.37 x 10 21 kg (considering a seawater 398 density of 1.028 kg L -1 ) and a Mo concentration of 104 nM kg -1 , we calculate a total marine 399 Mo inventory of 1.37 x 10 13 kg and an oceanic Mo residence time of ~460 ka (similar to 400 previous calculation of 440 ka 34 ), which is almost half of the residence time quoted in earlier 401 studies (700 to 800 ka) 56, 57 . 402
At present, oxic sediments are assessed to cover 96 to 97% of the ocean floor 33 whilst 403
Ared and Aeux are estimated at 1% and 0.05%, respectively 50,58 . We hence subdivide the total 404 seafloor of 3.6x10 8 km 2 into three redox regimes, with Aox = 97 %, Ared = 1 % and Aeux = 0.05 405 % of the ocean floor. For the model, the sum of the total seafloor coverage is kept constant. 406
At steady state, a higher input of Mo to the ocean requires a higher Mo output flux and 407 thus a higher burial rate. Previously, modern Mo burial rates were estimated at rox = 0.002 µg 408 cm -2 a -1 , rred = 0.250 µg cm -2 a -1 and reux = 1.27 µg cm -2 a -1 50,58 . To balance the budget we scale 409 the rates up by a factor of ~ 1.6 (equivalent to the increase in the new riverine Mo flux), 410 resulting in rox = 0.003 µg cm -2 a -1 , rred = 0.4 µg cm -2 a -1 and reux = 1.8 µg cm -2 a -1 . These rates 411
are consistent with the current knowledge of Mo accumulation rates in modern 412 environments (Table S2 ). However, these burial rates may be exaggerated for the deep ocean, 413 as the estimates are mainly based on data for shelf deposits. Nevertheless, we take these to 414 be the average burial rates for each of the redox environments. 415
For the modern Mo isotope budget, we apply measured offsets (the difference in 416 δ 98 Mo between measured modern sediment and seawater values) to the modern seawater 417 δ 98 Mo value of 2.09‰ 28, 43 . In oxic enviroments, δ 98 Mo is mainly attributed to 418 ferromanganese crusts and nodules, with a well-established offset (δOX) of -3‰ (Fig. 1) . In 419 highly sulfidic environments, sedimentary δ 98 Mo is slightly offset from global seawater (Fig.  420   1) and we therefore apply a small offset of -0.05‰ for δEUX 59 . A relatively constant isotopic 421 fractionation relative to seawater of about -0.8‰ (renormalized to NIST SRM 3134) was 422 proposed to be driven by diagenesis beneath low oxygen to anoxic, non-sulfidic bottom 423 waters 42 , where the sediment porewaters become sulfidic (Fig. 1) Mo isotope signature of a local water mass. Westermann et al. (2014) 22 recently reported 468 δ 98 Mo of ~ 0.8‰ (recalculated to NIST SRM 3134) during OAE2 at site DSDP 367 (Fig 2) Alternatively, it is possible that "non-ideal" conditions were prevalent with regard to 479
Mo-Fe-S scavenging at Tarfaya S57. Most of the δ 98 Mo record could either be driven by 480 concentrations of H2S that were either too low or too high, as proposed by Helz et al. (2011) 
